Microorganisms that use nitrate as an alternative terminal electron acceptor play an important role in the global nitrogen cycle. The diversity of the nitrate-reducing community in soil and the influence of the maize roots on the structure of this community were studied. The narG gene encoding the membrane bound nitrate reductase was selected as a functional marker for the nitrate-reducing community. The use of narG is of special interest because the phylogeny of the narG gene closely reflects the 16S ribosomal DNA phylogeny. Therefore, targeting the narG gene provided for the first time a unique insight into the taxonomic composition of the nitrate-reducing community in planted and unplanted soils. The PCR-amplified narG fragments were cloned and analyzed by restriction fragment length polymorphism (RFLP). In all, 60 RFLP types represented by two or more clones were identified in addition to the 58 RFLP types represented by only one clone. At least one clone belonging to each RFLP type was then sequenced. Several of the obtained sequences were not related to the narG genes from cultivated bacteria, suggesting the existence of unidentified nitrate-reducing bacteria in the studied soil. However, environmental sequences were also related to NarG from many bacterial divisions, i.e., Actinobacteria and ␣, ␤, and ␥ Proteobacteria. The presence of the plant roots resulted in a shift in the structure of the nitrate-reducing community between the unplanted and planted soils. Sequencing of RFLP types dominant in the rhizosphere or present only in the rhizosphere revealed that they are related to NarG from the Actinobacteria in an astonishingly high proportion.
Nitrate-reducing prokaryotes constitute a wide group with members among the ␣, ␤, and ␥ Proteobacteria, gram-positive Bacteria, and even Archea, sharing the ability to obtain energy from dissimilatory reduction of nitrate into nitrite. The nitrite can then be reduced into gaseous nitrogen compounds by denitrification or into NH 4 by dissimilatory nitrate reduction into ammonia. Denitrification is the dominant process in soils and lake sediment, whereas dissimilatory nitrate reduction into ammonia occurs mainly in the rumen and in digested sludge (30) . Due to nitrogen losses in agricultural soils and production of the greenhouse gases NO and N 2 O, denitrification has received a lot of attention over the last 20 years (7) . There are two distinct forms of dissimilatory nitrate reductase; a periplasmic nitrate reductase and a membrane-bound nitrate reductase (reviewed in references 16 and 22) . Only the nitrate reductase is found universally in prokaryotes and can therefore be used as a functional marker for these microorganisms. In addition, many microorganisms can contain both nitrate reductases (22) . The membrane-bound nitrate reductase is composed of a soluble ␤ subunit containing four [Fe-S] clusters and the ␥ subunit containing two b-type hemes. The last subunit, encoded by the narG gene, contains a [4Fe-4S] cluster and a molybdopterin guanine dinucleotide cofactor. This ␣ subunit being the catalytic site of nitrate reduction, it was selected as a functional marker for the dissimilatory nitrate-reducing community and a highly specific set of primers was designed to amplify a fragment of the narG gene from a variety of nitrate reducing prokaryotes.
It is well established that roots of growing plants can not only release carbon compounds via the exudation but also modify the soil oxygen partial pressure and the nitrate concentration in the rhizosphere. The impact of the rhizosphere on microbial activities such as denitrification has been previously reported (14, 23, 28, 31) . However, little is known about the influence of the rhizosphere on the structure of the nitrate-reducing community and previous studies on this community were performed mainly in the rhizosphere of aerenchymatous plant by using cultivation-based approaches (4, 17) . The application of molecular biological techniques targeting the 16S ribosomal DNA gene or, more recently, functional genes has provided a pertinent alternative to these culture-based methods, providing unique insight into the composition, richness, and structure of microbial communities (3, 8, 13, 18, 32) . This study has two aims. First we wish to assess the natural diversity of the narG gene in soil by direct PCR amplification, cloning, and restriction fragment and sequence analysis. The second aim is to examine the influence of the rhizosphere of maize (Zea mays cv. Dea) on the composition of the nitrate-reducing community. The initial analysis revealed a very high diversity and the presence of a large proportion of uncharacterized dissimilatory nitrate reducers in the studied soil. Our analysis also demonstrated specific changes in the structure of the nitrate-reducing community in the planted soil without modification of the diversity indices.
MATERIALS AND METHODS

Soil and treatment.
The soil used in this study was collected from the 20-cmdeep top layer of an experimental field of the ENSAIA domain of La Bouzule (Nancy, France). It is a redoxic neoluvisol with 33.3% clay, 51.3% silt, 15.4% sand, and a pH in water of 5.8. Just after collection, the soil was sieved (5-mm mesh size), moistened to 80% of the water holding capacity, and distributed into plastic pots (amounts equivalent to 1.5 kg of dry soil per pot). Some plastic pots were kept uncultivated, and others were cultivated with maize (Zea mays cv. Dea). Maize seeds were sterilized with a solution of sodium hypochlorite (33 mg ⅐ liter Ϫ1 ) under agitation for 5 min. They were then thoroughly rinsed with sterile distilled water and sowed (four seeds per pot). The experiment was conducted in a greenhouse under controlled conditions as follows: day temperature, 17°C; night temperature, 15°C; daylight period, 11 h; relative humidity, 60%; and cooling above 20°C. The pots were weighed every day in order to maintain soil water content. Eight weeks after planting, soil from planted and nonplanted plastic pots were recovered.
Design of the narG-specific primers. The narG sequences of bacteria and archea currently available from the GenBank database and from genome projects were aligned and then scanned for conserved regions that could provide suitable primer target sites. From this analysis, two degenerated primers, narG1960f (5Ј TAYGTSGGSCARGARAA 3Ј) and narG2650r (5Ј TTYTCRT ACCABGTBGC 3Ј), were designed to amplify a 650-bp internal section of the narG gene.
DNA extraction. Soil samples from all pots of the same treatment were mixed and then subsampled for DNA extraction. DNA was extracted from three 250-mg aliquots of soil from the unplanted treatment (samples BSA, BSB, and BSC) and the planted treatment (samples PSD, PSE, and PSF) according to the method of Martin-Laurent et al. (15) . Briefly, samples were homogenized in 1 ml of extraction buffer for 30 s at 1,600 rpm in a mini-bead beater cell disruptor (Mikro-Dismembrator S; B. Braun Biotech International). Soil and cell debris were removed by centrifugation. After sodium acetate precipitation, proteins were removed. Nucleic acids were then precipitated with cold isopropanol, washed with 70% ethanol, and purified by using a Sepharose 4B spin column. The quality and the size of the soil DNAs were checked by electrophoresis on 1% agarose. DNA was quantified by use of a BioPhotometer (Eppendorff).
RISA and narG amplification. The intergenic spacer region between the small and large subunit of the ribosomal genes was amplified (ribosomal intergenic spacer region amplification [RISA]) from 25 ng of purified soil DNA with a total volume of 50 l by using the universal primers 38 r (5Ј-CCG GGT TTC CCC ATT CGG-3Ј) and 72 f (5Ј-TGC GGC TGG ATC TCC TT-3Ј) under the following conditions: 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C, plus an additional 15-min cycle at 72°C. Eight-microliter aliquots were then separated on a native 6% acrylamide gel run for 17 h at 4 mA. The gel was stained with SYBR green II (Molecular Probes, Leiden, Netherlands). Amplification of purified soil DNA was also carried out by using the primers narG1960f and narG2650r. Three independent PCR amplifications were performed for each replicate in a total of 50 l containing 5 l of 10ϫ PCR buffer, 200 M concentrations of each deoxyribonucleoside triphosphate, 1 U of Taq polymerase, 25 ng of purified soil DNA, and 500 pM concentrations of each primer. The enzyme was added after the first denaturation step. Thermal cycling was carried out by an initial denaturation step of 5 min at 95°C, followed by a touch down PCR (Thermocyclor; M.J. Research). This consisted of a denaturation step of 30 s at 94°C, a primer annealing step of 30s at 60°C, and an elongation step of 45 s at 72°C; cycling was completed by a final elongation step of 72°C for 6 min. During the first eight cycles, the temperature was decreased by 0.5°C for each cycle, starting at 59°C, until it reached 55°C. The additional 30 cycles were performed at an annealing temperature of 55°C. The presence and size of the amplification products were determined by agarose (1%) gel electrophoresis of the reaction product and ethidium bromide staining.
Restriction fragment length polymorphism (RFLP) fingerprinting analysis and clone library construction. Gel slices containing the narG PCR products were excised, and DNA was purified by using the Qiaex II kit (Qiagen) as specified by the manufacturer. PCR products belonging to the same replicate were then pooled and concentrated by using the QIAquick columns (Qiagen). Aliquots of the excised and purified PCR products were digested with AluI restriction enzyme at 37°C for 12 h and separated by electrophoresis on a native 6% acrylamide gel for 15 h at 4 mA. In addition, aliquots of the excised and purified PCR products from each soil replicate were cloned by using the pGEM-T Easy Vector System (Promega). Ligation and transformation reactions were performed according to the manufacturer's instructions. Approximately 90 recombinants from each of the six libraries were screened for full-size inserts (approximately 650 bp) by transferring small aliquots of cells to PCR mixtures containing the vector primers T-7 and SP-6 and thermal cycling. Colonies that did not produce amplifications were eliminated from the libraries. The PCR products were digested with the restriction endonuclease AluI. The restriction fragments were resolved by agarose gel electrophoresis with 3% small fragment agarose (FMC, Rockland, Maine). Clones with identical restriction patterns were grouped together into clone families.
Sequencing of the cloned narG products. The nucleotide sequences of the cloned PCR products (650 bp) were determined by using the DTCS-1 kit (Beckman Coulter) and a Ceq 2000 XL sequencer (Beckman Coulter) according to the manufacturer's instructions. Vector primers T7 and SP6 were used for sequencing reactions.
Phylogenetic analysis, rarefaction, and diversity analysis. An alignment of the deduced protein sequences of the narG genes was made by using the CLUST-ALX software version V. 1.0.1 (29) . To construct the phylogenic tree based on amino acids alignments, protein distances were inferred by the neighbor-joining method. Bootstrap analysis for protein level (NarG) phylogenetic analyses were performed by using the CLUSTALX software version V. 1.0.1. For each calculation, 1,000 bootstrap resamplings were performed. The diversity of the phylotypes in different samples was compared by rarefaction analysis. Rarefaction calculations were done by using the software Analytic Rarefaction (version 2.1; Stratigraphy laboratory, University of Georgia). The Shannon-Weaver index of general diversity (HЈ) was calculated with the following equation: HЈ ϭ Ϫ⌺P i *log 2 P i , where P i was calculated as follows: P i ϭ n i /N, where n i is the number of clones in an RFLP type and N is the total number of clones (24) . Using the same data, the Simpson index of dominance concentration (D) was calculated by using the following function: D ϭ ⌺P i 2 (26) . The distributions of narG RFLP types between unplanted and planted soil populations were statistically compared by analysis of molecular variance (AMOVA version 1.55, 1995 [9] ).
Nucleotide accession number. The environmental narG gene sequences have been deposited in the GenBank sequence database under the accession numbers AY113707 to AY113839.
RESULTS
Specificity of the narG assay.
Based on the alignment of publicly available narG sequences from GenBank but also from finished and unfinished microbial genome projects, a couple of primers were designed to amplify a partial stretch of the narG gene from a wide range of microorganisms belonging to Proteobacteria, gram-positive bacteria, and also Archea (data not shown). These primers were used to amplify DNA extracted from each sample of the unplanted and planted soils. PCR products of the predicted size were recovered from each sample. The BLASTP program (1) produced statistically significant alignments for 132 of 144 sequences with dissimilatory nitrate reductase. The 12 sequences that did not show significant identity with the narG gene were dismissed.
Fingerprinting analysis of amplified intergenic spacer region between the small and large subunits of the ribosomal genes (RISA) and of narG gene. Similar RISA patterns were obtained for the unplanted and planted soil samples (Fig. 1) . Evaluation of the impact of the rhizosphere was further conducted on the nitrate-reducing community. In contrast to the RISA patterns, RFLP analysis of the amplified narG gene indicated differences in the composition of the membrane bound nitrate-reducing community between the planted and unplanted soil. Thus, a higher number of dominant bands at 150, 180, 230, and 450 bp was observed in the planted soil than in the unplanted soil (Fig. 2) . Differences between RFLP patterns from the planted soil have been observed with the presence of the two bands of higher intensity at 280 and 250 bp in the PSD sample (Fig. 2) , while RFLP patterns of the unplanted soil were very similar.
Phylotype richness and distribution. Libraries of approximately 90 randomly selected clones were constructed for each 6122 PHILIPPOT ET AL. APPL. ENVIRON. MICROBIOL.
sample of the unplanted and planted soil (six libraries in total). The clones were subjected to RFLP analysis and grouped based on their representative RFLP patterns. A total of 472 clones were then screened by RFLP, resulting in the identification of more than 100 AluI restriction fragment banding patterns. Sixty of these patterns represented two or more clones, and they accounted for more than 90% of the clones examined. Comparison of the distribution of phylotypes from the planted and unplanted soils clearly exhibited significant differences (P Ͻ 0.05). The unplanted soil libraries were dominated by the phylotype numbers 1, 2, and 3, which together accounted for 26% of these clone libraries (Fig. 3) , while the libraries from the planted soil were dominated by RFLP type numbers 38, 20, and 5, which together accounted for 24%. Interestingly, a similar number of phylotypes (about 10) was detected only in the unplanted or in the planted soil. The phylotype number 38 contained only clones from one sample (PSD). This result is in accordance with Fig. 2 , which shows, only in sample PSD, two bands at 280 and 250 bp of higher intensity corresponding to this phylotype. However, excepting the phylotype number 38, phylotypes containing at least seven clones were identified in each of three samples, confirming the good reproducibility. To estimate how well the libraries were sampled, rarefaction curves were plotted. These curves indicated a high degree of diversity illustrated by the number of clones necessary to estimate the total number of phylotypes in the studied soil (Fig. 4) . As a result, the rarefaction curves from the unplanted soil narG clone libraries are similar to those from the planted soil narG clone libraries. Calculation of the Shannon-Weiner index (H ϭ 3) or Simpson's index (D ϭ 0.04) did not reveal significant differences between unplanted and planted soil clone libraries, indicating that the unplanted soil clone libraries are as diverse as the planted soil libraries. Phylogenetic diversity among RFLP phylotypes. To evaluate the phylogenetic diversity represented by the 118 RFLP patterns identified in the narG gene clone libraries, 132 sequences from all the RFLP types were obtained and used for phylogenetic analysis; sequences of 30 narG genes previously described were also included. Of the 144 sequences obtained, 12 nonnitrate reductase sequences were dismissed. Levels of translated amino acid identity of the narG clones ranged from 62 to 99.5% with the nearest known NarG. The obtained tree can be divided into nine clusters based on the location of NarG from cultivated microorganisms (Fig. 5) contained the NarG of the Actinobacteria genera Streptomyces, Corynebacterium, and Mycobacterium and several phylotypes representing approximately 37 and 12% of the planted and unplanted soil clone libraries, respectively. Interestingly, most of the phylotypes dominant in the planted soil or detected only in the planted soil belong to this cluster ( Fig. 3 and 5 ). Only two clones belonging to the same phylotype and related to NarG of other gram-positive bacteria, Bacillus spp. and Staphylococcus spp., are present in cluster 3. Cluster 4 contained only one NarG sequence from cultivated bacteria, a member of alpha Proteobacteria, Brucella melitensis biovar suis. This cluster is divided into two subclusters, and in the first subcluster clones were more closely related to each other than in other clusters. Analysis of the distribution of the clones in cluster 4 revealed that this cluster represented 56 and 36% of the unplanted and planted soil clones libraries, respectively. Cluster 6 consisted of cultivated bacteria belonging to the beta Proteobacteria, which are related to only one environmental clone (75% amino acid identity with Ralstonia solanacearum). In contrast, only environmental NarG sequences were present in the last two clusters. Clones belonging to RFLP types 4 and 26 are grouped in different clusters. However, only one restriction site was present in RFLP type 4; and concerning RFLP type 26, in silico restriction profiles of the corresponding clones were very similar and could not be distinguished on an agarose gel. Except for these clones, all clones belonging to the same RFLP type were grouped in the same cluster. Altogether, these data confirmed that the clone libraries represented a phylogenetically broad spectrum of microorganisms.
DISCUSSION
Both DNA extraction and amplification suffer from biases that can distort community composition, richness, and structure. We assumed that the biases operated uniformly for the unplanted and planted soil and therefore the soil samples could be compared as was done in previous studies (5, 8, 19) .
Designing a primer specific to all narG sequences was problematic due to the high taxonomic diversity of nitrate-reducing prokaryotes and to the low degree of conservation of this gene between Proteobacteria and gram-positive bacteria (22) . In a recent study, another set of primers for the narG gene has been described (11) . However a nested PCR was required for successful amplification and only six different clones were retrieved, all of them related to the narG of Escherichia coli. The primers described in this study and designed to amplify the narG gene from Proteobacteria, gram-positive Bacteria, and even Archea have allowed the amplification of the target gene in a direct PCR. The amplified fragment was chosen in a conserved region of molybdopterin guanine dinucleotide dependent enzymes (2) . A nonspecific amplification has been observed in our study with 12 of 132 sequences showing no significant identity with NarG. However, each of these sequences was present only in one or two clones; thus, only 14 of the 472 clones of our gene libraries did not match with NarG. Nitrate-reducing prokaryotes possessing at least the membrane-bound nitrate reductase were targeted in this analysis, excluding nitrate-reducing prokaryotes possessing only the periplasmic nitrate reductase or an unknown nitrate reductase. However, the membrane bound nitrate reductase is more widely spread among microorganisms, the periplasmic one being restricted to the gram-negative bacteria. Moreover, the use of narG is of special interest, because the phylogeny of the narG functional genes reflects the 16S rRNA phylogeny of the organisms from which the gene sequences were retrieved (20) . Therefore, retrieval of narG gene sequences can provide valuable information on the phylogenetic affiliation of these organisms in the environment. By targeting the narG gene, this study provides for the first time a unique insight into the structure of the nitrate-reducing community in planted and unplanted soils by use of a molecular approach.
In a culture-based study on the composition of the nitratereducing community, Nijburg et al. (17) suggested the presence of a specific nitrate-reducing community for each environment. In the sediment samples from the rhizosphere of the aerenchymatous plant Glyceria maxima, Bacillus, Moraxella, and Pseudomonas species were isolated (17) . Enterobacteriacea, Vibrio, and Aeromonas were identified in another sediment (4). A larger diversity was observed by Shirey and Sextone (25) in abandoned and reclaimed mine soils with nitrate-reducing isolates identified as Streptomyces, Bacillus, and Enterobacteriacea strains. Finally Cheneby et al. (6) reported the isolation of Bacillus, Streptomyces, Pseudomonas, Burkholderia, and Xanthomonas species from three different soils. In the nested-PCR-based study of Gregory et al. (11) , the six narG sequences detected in a clone library established from freshwater surface sediment were tightly clustered and related to the E. coli sequence. Our narG clone libraries provided a much higher phylogenetic diversity of the nitrate-reducing community than the previous studies provided. Only few clones showed high levels of amino acids identity (Ͼ90%) to sequences of known NarG from cultivated bacteria. However, it should be stressed that two copies of the narG gene have been identified in some bacterial genomes such as E. coli, Salmonella enterica serovar Typhi, and Burkholderia pseudomallei. Sequencing of the genome of Streptomyces coelicolor has even revealed the presence of three copies of this gene. Phylogenetic analysis showed that these narG copies are not always closely related (Fig. 5) (20) . Consequently, diversity data of the narG gene have to be interpreted with caution. The tree obtained from sequence analysis can be divided into nine major clusters. Clones from many bacterial divisions, i.e., the Bacillus-Staphylococcus group, Actinobacteria, ␣, ␤, and ␥ Proteobacteria, were found to be related to NarG. Some clones are even related to NarG of the extremophile bacterium Thermus thermophilus. In contrast, clusters 4, 8, and 9 are related to only one known narG gene, indicating that an important proportion of uncharacterized dissimilatory nitrate reducers are present in the studied soil. In contrast to culture-based studies and despite the high number of clones analyzed, few sequences related to NarG of gamma Proteobacteria were recovered. This suggests either that the soil used in this study contained few gamma Proteobacteria or that the previous culture-based experiments selected fast-growing, cultivable heterotrophs belonging to the Proteobacteria divisions, resulting in overestimation of this group. While no differences in the genetic structure of the total bacterial community were observed by RISA analysis, focusing on the nitrate-reducing community revealed a shift in the structure of this community between the unplanted and planted soils (Fig. 2) . Therefore, it appears that under some functional or ecological aspects, genes encoding key enzymes such as the membrane bound nitrate reductase could be better targets for fine-scale resolution of microbial diversity than the intergenic spacer region between the small and large subunit of the ribosomal genes. Analysis of the clone libraries by RFLP confirmed that the diversity of the planted soil was different from that of the unplanted soil (Fig. 3) . Interestingly, sequence analysis of the narG clone libraries obtained from the unplanted and planted soils showed that most of the RFLP types dominant in the rhizosphere or present only in the rhizosphere are related to NarG of Actinobacteria (Fig. 3 and 5) . In silico restriction analysis of the narG sequences from Actinobacteria resulted in fragments having sizes identical to the dominant bands observed only in the planted soil (Fig. 2) . Thus, comparison of the narG restriction profiles of the PCR products obtained from DNA extracted from soil and from the clone libraries indicated that no important bias occurred during the cloning step. These data are in accordance with the results of Miller et al. (15) , who found 10 times more actinomycetes in wheat rhizosphere than in unplanted soil. More recently, after finding that a high proportion of dominant populations in the rhizosphere belonging to high-GϩC gram-positive bacteria, Smalla et al. underlined that high GϩC gram-positive bacteria might be more dominant in the rhizosphere than previously suggested (27) . Our data provide evidence for the assumption that plants could select bacterial groups within a functional community in the proximity of their roots.
Measuring Simpson and Shannon-Weaver indices among the clone libraries did not show differences between unplanted and planted soil samples, indicating that the diversity was in fact similar in the planted and unplanted soils. Thus, our results suggest that the structure of the nitrate-reducing community has been modified by the maize roots but without significant impact on the diversity.
These differences in the nitrate-reducing community composition could be ascribed to a selective advantage of some strains over the others in the rhizosphere. The ability to dissimilate NO 3 Ϫ could contribute to explain the differences in the composition of this community between unplanted and planted soils. It has been demonstrated in previous studies that strains able to dissimilate nitrogenous oxide exhibited a higher rhizosphere competence (10, 21) . However, other bacterial traits such as the ability to use specific carbon compounds present in the root exudates could also contribute to explain the observed differences. Further studies are also required to determine whether the nitrate concentration, or the oxygen partial pressure, or the exudation of carbon substrate, or a combination of these parameters is important for the composition of the nitrate-reducing community.
In modeling the denitrifying activity and N 2 O emission, it is often assumed that the underlying denitrifying microorganisms in soils are identical in terms of electron donor, induction of the enzyme synthesis or of the specific activity of the enzymes catalyzing the different denitrifying steps. It has been recently demonstrated that global trace gas emissions can be affected by changes in the community composition, indicating that studies on the structure of functional communities are required to understand and to model fluxes (12) . Using a molecular approach based on the narG gene, this study provided insight into the structure of the nitrate-reducing community, which performs the first step of the denitrification pathway. However, a gene sequence indicates the potential presence of the corresponding function, but there is evidence that this potential is not always converted to an actual metabolic role. Therefore, information is needed not only on the structure of communi- ties genetically able to denitrify but also on how and when these denitrifying genes are expressed within these communities. The development of protocols to extract mRNA in the environment can provide a starting point for novel approaches to the study of gene expression within a functional community.
